Manganites show colossal responses to external fields, since their structure, transport, and magnetism are closely related [1] [2] [3] . When grown in the thin film form, manganites also exhibit unique properties associated with substrate induced strain [4] [5] [6] . One aim in thin film research is to achieve physical properties similar to bulk materials using methods such as post annealing in an oxygen rich environment and growing films in highly energetic, reducing conditions [7] [8] [9] . However, the discovery of physical properties unique to thin films and not found in bulk forms of the same compounds has also been a driver for thin film research. Examples of such properties are anisotropic transport, substrate induced metal-insulator transition, in-plane magnetic anisotropy, and insulatormetal transition in manganite superlattices 4, 6, 10, 11 . The interface region between two perovskite materials is also a subject of recent interest since this region has properties not observed in the bulk form of either of the constituent materials 12, 13 . Observation and identification of such properties requires careful optimization of thin film growth conditions. For interfaces between two insulating perovskites such optimization involves mainly the structural properties 14 . If we want to study the properties of magnetic and/or metallic thin films and interfaces, the transport and magnetism need to be optimized along with the structure. Thus, the fabrication of atomically flat, epitaxial, and stoichiometric manganite thin films is an essential step toward the search for unique physical properties arising due to the effect of strain on the magnetism and phase competition at thin film interfaces.
Thin film growth of materials such as (La 1−y Pr y ) 1−x Ca x MnO 3 is complicated by the structural phase separation at low temperatures 2 . Thus, thin films which show excellent structural properties at room temperature may not show the expected transport and magnetic properties at low temperature due to the presence of the substrate 6, 15 . We show that atomically flat, 16 . We propose that oxygen pressure affects the valency of the Mn ions due to oxygen vacancies, cation vacancies, and creation/reduction of grain boundaries 8, 17, 18 .
LPCMO thin films were grown on two different substrates, viz. as-received epi-polished (110) NGO substrates and subsequently thermally treated (110) NGO substrates. The thermal treatment was carried out in air to create atomically flat surface and steps 19 . The substrates were first heated at 20
• C/min to 600 • C, then at 10
• C/min to 950 • C. After heat treatment at 950
• C for 30 minutes, the substrates were then cooled to 550
• C at 12
• C/min and then the furnace was switched off. Atomic force microscope (AFM) images of the treated substrates consistently showed atomic steps (about 0.4 nm) and low miscut angles (about 0.05
• ) ( Fig. 1 (a) and (b)). We deposited LPCMO thin films on the as-received and treated substrates using pulsed laser deposition using the conditions described in Jeen et al.. 16 . However, the oxygen pressure was varied by design during each deposition from 75 mTorr to 200 mTorr. The films were grown to a thickness of 30 nm. After deposition, the film was cooled down at 20
• C/min in an oxygen pressure of 440 Torr. Transport measurements were performed using DC polarity reversal method 20 with four probe wiring and low current (5 nA) to minimize current/voltage effect on the manganite thin films 21 . Magnetization measurements 16 and θ − 2θ x-ray diffraction (XRD) were performed using a Quantum design 5 T SQUID magnetometer and Philips APD 3720, respectively. We observed differences in surface morphology in LPCMO thin films grown under different oxygen pressures (PO 2 ) (Fig. 1 (c)-(f) ). Smooth surfaces with r.m.s. roughness of 0.5 nm were observed in films grown in PO 2 ≤ 100 mTorr. However, we could not find any characteristic features such as islands or steps. On increasing PO 2 to 150 mTorr, atomic steps were formed due to step flow growth mode. The atomic step height was about 0.4 nm which is close to the size of an LPCMO unit cell 22 . For PO 2 ≥ 175 mTorr, the thin films followed a 2D island growth mode. The r.m.s. roughness was still less than 0.5 nm. These films are different from LPCMO thin films showing 3D island growth mode, which were grown with high laser fluence (1.0 ± 0.2 J/cm 2 ) and PO 2 (420 mTorr) but showed desirable transport properties 23 . In the oxygen pressure range we investigated, interlayer mass transport of LPCMO was well executed, since the r.m.s. roughness of all samples was close to the unit cell size of LPCMO 24 . The films grown in optimal PO 2 (150 mTorr) show atomic steps and the highest T CR max and T P (inset of Fig. 1 (g) ). Films grown in PO 2 < 100 mTorr show insulating behavior down to the lowest measurement temperature. These trends suggest a change of the Mn 4+ /Mn 3+ ratio 17 since the non-monotonic behavior of T CR max and T P as a function of oxygen pressure can be explained by a change in the valency of Mn-ion 25, 26 . For our films grown in less than 150 mTorr, the average valency of the Mn-ions could be less than the expected value of +3.67 due to oxygen vacancies. For PO 2 > 150 mTorr, the average valency of the Mn-ions is greater than +3.67 due to cation vacancies rather than oxygen abundance, since oxygen rich manganites are hard to grow 9, 17, 18, 27 . A change in the ratio between La and Pr ion concentrations is unlikely since such a change would lead to a monotonic shift of T P rather than observed shape. Grain boundary effects may also contribute to the low T CR max , low T P , and higher resistivity at low temperatures of the films grown in oxygen rich condition, since such films show granular morphology ( Fig. 1 (f) ) 28 . Next we measured the magnetization and structural properties of the films. An increase of the lattice constant and reduction in magnetization are typically observed in oxygen deficient but optimally doped manganites 17, 18 . We observed diffuse and broad XRD peaks in the film grown in 75 mTorr O 2 pressure (Fig. 2) , while the XRD patterns of LPCMO thin films with either atomic steps or 2D islands overlapped with the pattern of the nearly lattice-matched NGO substrate. We also observed a pronounced reduction of remanent magnetization and disappearance of magnetic hysteresis in the oxygen deficient film (Left inset of Fig. 2 ). The films with atomic steps have lower coercive fields and sharper changes of magnetic moments near the coercive fields than the film with 2D islands. These differences in coercive fields may be due to grain boundary effects in the film with 2D islands 29 . Since the XRD patterns for all the films showed only minor differences, we can conclude that while XRD measurements can be used for determining conditions which are far from optimal, it cannot be used for accurately determining the optimal conditions.
In an attempt to trim the optimal conditions further, we analyzed the transport properties of the LPCMO thin films in the high temperature region. We calculated the activation energies (E a ) of the films from transport data above T P . The adiabatic small polaron model and the variable range hopping model were employed to fit the high temperature data with the small polaron model providing the better fit 30, 31 . However, the E a values do not show a significant variation among the thin films grown in different oxygen pressures (Right inset of Fig. 2 ). E a ≈ 133.5 ± 0.5 meV for the films which show a metalinsulator transition with either step flow growth mode or island growth mode. The films grown in PO 2 = 100 mTorr do not show an insulator to metal (I-M) transition and have a higher E a (≈144 meV). Oxygen deficient manganite films have an average Mn-ion valency less than +3.67 due to oxygen vacancies, which could hamper the double exchange mechanism thus removing the I-M transition and increasing E a 17 . From the measurements and analysis above, it is noted that the LPCMO thin films with atomic steps grown in optimal oxygen pressure of 150 mTorr can be distinguished from the films grown in off-optimal oxygen pressures using low temperature transport and magnetization measurements, since only the films with atomic steps show both lower coercive fields and a sharp insulator to metal transition. 29 .
We also confirmed similar trends in surface morphology, transport, XRD, and magnetization measurements in LPCMO thin films grown on treated NGO (tNGO) substrates. The atomic steps in the LPCMO thin films followed the atomic steps on the tNGO substrates ( Fig.  1 (b) and figure 3 (b) ), which indicates that the step edges on tNGO provide energetically favorable sites for thin film growth 24 . The trends of T CR max and T P are similar in LPCMO thin films on treated and as-received NGO (Inset of Fig. 3 (e) ). However, the optimal PO 2 for step flow growth mode is shifted down to 125 mTorr for the tNGO substrates. The E a of the thin films showing I-M transition is about 135 ± 1 meV and for the insulating films grown in PO 2 = 100 mTorr, E a ≈ 140 meV (Right inset of Fig. 2) . We also observed a diffuse XRD peak at a lower angle and lower magnetization in insulating LPCMO thin films grown in PO 2 = 75 mTorr similar to the observations for the films grown on as-received substrates. When the films grown on the two types of substrates are compared, the optimized films grown on tNGO show no resistivity upturn at low temperature unlike the optimized films grown on the as-received sub- strates. Since substrate induced strain favors the metallic phase in LPCMO thin films grown on NGO 21 , the absence of the low temperature resistivity upturn suggests that the LPCMO thin films grown on tNGO conform better to the substrates and have lower disorder 21, 32 . In summary, we have successfully grown atomically flat, epitaxial, and stoichiometric LPCMO thin films on NGO substrates by tuning the oxygen pressure during growth. Surface morphology, transport and magnetization measurements are the critical measurements for determining the optimum film growth conditions 27 since, while necessary, activation energies and XRD measurements are not enough to distinguish the film properties. Disorder in thin films is reduced when treated substrates with singly terminated, atomically smooth surfaces are used.
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